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Spectroscopic measurementsIn this work, carbon supported nickel based nanoparticles were prepared by impregnation method and
used as anode electrocatalysts for the glycerol conversion. These metallic powders were mixed with a
suitable amount of a Naﬁon/water solution to make catalytic inks which were then deposited onto the
surface of carbon Toray used as a conductive substrate. Long-term electrolyses of glycerol were carried
out in alkaline medium by chronoamperometry experiments. Analysis of the oxidation products was per-
formed with ion-exclusion liquid chromatography which separates the analytes by ascending pKa. The
spectroscopic measurements have shown that the cobalt content in the anode composition did contribute
to the CAC bond cleavage of the initial molecule of glycerol.
 2013 Elsevier B.V. All rights reserved.1. Introduction
Glycerol is a highly functionalized molecule which results in
biosustainable sources such as hydrolysis or methanolysis of
triglycerides [1–3]. Among various other applications including
this organic compound, glycerol can be used in the production of
food additives, pharmaceuticals, personal care products and cos-
metics. However, as a co-product obtained during the production
of biodiesel, in a short timescale, the large volume of glycerol has
exceeded its demand. Therefore, efforts have been made to ﬁnd
new applications to this molecule issued from biomass for fuel
and chemicals [3–9]. Many investigations have been conducted
on the glycerol oxidation to various compounds. In heterogeneous
catalysis the oxidation of glycerol was studied over different types
of materials as a function of various reaction parameters such as
reaction temperature, oxygen partial pressure, catalyst amount
and nature of the catalyst support [1,8,10–14]. Although many
reaction products can be obtained from the glycerol oxidation,
added value compounds are markedly observed. Dihydroxyacetone
which is a self-tanning agent in the cosmetic industry was
selectively obtained either on Pt–Bi catalysts [15,16] or Au sup-
ported on multi-walled carbon nanotubes at the place of activated
carbon [17]. Conversely to heterogeneous catalysis, in electrocatal-
ysis the electrode potential can be controlled to provide or not oxy-
genated species at the catalyst surface. This implies the possibilityof favoring adsorption phenomena at lower potentials on noble
metals in the fuel cell applications [18–21]. In this context several
investigations were reported on Pt-, Pd- and Au-based anode cata-
lysts under the same conditions than other alcohols (methanol,
ethanol and ethylene glycol) [20,22–24]. Glycerol, which is a
three-carbon atom compound, is a bit more complex molecule
than the alcohols above mentioned with one- and two-carbon
atoms. It has a theoretical energy density of 5 kWh kg1 [25],
which means that its oxidation can be doubly motivated by provid-
ing an alternative and renewable energy source and cogenerating
added-value chemicals [19,20]. Nowadays, several studies are
being carried out in alkaline medium because of the decrease in
poisoning effect on the catalyst in such electrolyte. Hydroxypyru-
vate, glycerate, mesoxalate, glycolate, tartronate, oxalate and for-
mate ions and dihydroxyacetone are the main reaction products
that are observed during the glycerol oxidation reaction [26–28].
CO and CO2 were also identiﬁed by FTIR spectroscopy as other pos-
sible reaction products [6,7,29–31]. Under hydrothermal electroly-
sis conditions, Yuksel et al. have detected particular reaction
products such as lactic and acetic acids [32]. As can be seen, vari-
ous chemicals may be issued from the glycerol oxidation process.
The chemical separation of the products formed during the electro-
oxidation of glycerol is not an elementary task and becomes a real
challenge.
The present work is therefore focused on the identiﬁcation and
chromatographic separation of the reaction products when
glycerol is anodically converted on noble metal free catalysts in
alkaline medium. As stated above, the poisoning effect on the
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price in comparison with noble and precious metals, nickel be-
comes a promising and interesting electrode material for the oxi-
dation process of alcohols and polyols [33–35]. Thus, carbon
Vulcan XC-72 modiﬁed catalysts prepared by nickel and nickel/co-
balt impregnation were carefully deposited onto a carbon Toray
substrate and used as working electrodes in the glycerol oxidation.
Analyses of the oxidation products were performed with ion-
exclusion liquid chromatography and FTIR spectroscopy coupled
with electrochemical measurements.
2. Experimental
2.1. Synthesis of nickel based electrode nanomaterials
Ni/C and NiCo/C nanomaterials were prepared by a controlled
impregnation-reduction method well-described elsewhere [36–
38]. Brieﬂy, a suitable amount of carbon Vulcan XC-72 provided
by Cabot and Ni(NO3)26H2O (Aldrich P.A.) were dissolved in ultra
pure water (Millipore-MilliQ water with a resistivity of 18.2 MX
cm at 20 C) under sonication for 10 min. The solvent was evapo-
rated in a Petri plate at 80 C, and the resulting residue was ground
to a ﬁne powder before its submission to a thermal treatment. This
heat-treatment was conducted in a tubular oven under a H2 atmo-
sphere at 300 C with a temperature rate of 5 C min1. The same
procedure was performed for preparing the NiCo/C catalyst with
the addition of CoCl26H2O (Alfa Aesar P.A.) in the solution to reach
a nominal atomic ratio Ni/Co of 1:1. The cobalt content in the cat-
alyst requires a heat-treatment at 700 C for 2 h, which enables the
homogenization of the material composition. The Vulcan carbon
used as a supporting material has a speciﬁc area of 250 m2 g1. It
was co-impregnated with the catalysts precursors to avoid
agglomeration of the particles and it was also obtained with a me-
tal loading of 20 wt.% for each catalyst sample.
2.2. Electrochemical characterization of the catalysts and long-term
electrolysis of glycerol
All the electrochemical experiments (cyclic voltammetry and
chronoamperometry) were carried out in a Pyrex two-compart-
ment cell. The compartments were separated with an anion-ex-
change membrane (35 lm thickness, from Fumatech) and were
deaerated by ultrapure N2 (U Quality, from l’Air Liquide). A Revers-
ible Hydrogen Electrode (RHE) and slab of vitreous carbon were
used as reference and counter electrode, respectively. The refer-
ence electrode was separated from the solution by a Luggin-Haber
capillary tip. Among other beneﬁts, the capillary tip avoids the con-
tamination of the RHE gas (H2) by O2 which may be formed during
electrolysis at high potentials.
The working electrode consisted of catalytic powders deposited
on a Carbon Toray used as conductive carrier with a geometric sur-
face area of 3 cm2. The electrical connection of the carbon Toray
substrate was established with a gold wire thanks to a carbon
paste. A catalytic ink was prepared from the metal/C powder
(2 mg) added in a mixture of 425 lL of Naﬁon solution (Aldrich)
and 75 lL of water. 50 lL of the catalytic ink was ﬁnally deposited
onto each face of the carbon Toray sheet and the solvent was evap-
orated at room temperature; this amount represents 133 lg cm2
of metal loading.Table 1
pKa values of the organic compounds separated with an ion-exclusion column.
Sample Oxalic acid/oxalate Tartronic acid/tartronate Gly
pKa at 25 C pKa1: 1.25 pKa1: 2.42 3.5All the electrochemical measurements were carried out using a
computer controlled Autolab Potentiostat (PGSTAT 302 N) con-
nected to an Electrochemical Interface (Metrohm). The home-
made Ni/C and NiCo/C electrocatalysts were characterized by cyclic
voltammetry (CV) in 0.1 mol L1 NaOH (Sigma-Aldrich 97%) as
supporting electrolyte. The long-term electrolyses of glycerol (Sig-
ma-Aldrich 699%) was conducted by chronoamperometry (CA)
and was performed in potential domains where CV curves showed
the formation of metal oxy-hydroxides at the electrode surface.
During the electrochemical experiments, a nitrogen stream was
maintained over the electrolytic solutions to prevent their contam-
ination from external carbon dioxide.2.3. High Performance Liquid Chromatography (HPLC) measurements
The separation and the analysis of the products issued from the
glycerol oxidation were performed at 25 C using a High Perfor-
mance Liquid Chromatography (HPLC) with the Dionex system
(P680 HPLC). It works with an isocratic elution and mainly includes
a sample loop (20 lL) previously to the ion-exclusion column
(Aminex HPX-87H), which separates the sample compounds by
ascending pKa (Table 1). When the pKa values of compounds are
close an additional steric effect can be singled out.
The chromatograph was equipped with an UV–Vis detector fol-
lowed by a refractive index detector (IOTA2). The column operated
at room temperature and the analytes were separated with diluted
sulfuric acid (3.3 mmol L1 H2SO4) used as eluent. The chromatog-
raphy system conﬁguration and the operation conditions were
critical for effective and successful product separations. The assign-
ments of the different peaks and the quantitative determination of
the products were done by comparing the retention times with
those of reference samples.2.4. In situ Fourier transform infrared (FTIR) spectroscopy
measurements coupled with electrochemical experiments
In situ FTIR measurements were carried out in a Bruker IFS 66v
spectrometer which was modiﬁed for beam reﬂection on the elec-
trode surface at a 65 incidence angle. In order to avoid all interfer-
ences from atmospheric water and CO2 all the system is
maintained under vaccum. The detector was a MCT (HgCdTe) type,
cooled by liquid nitrogen. The spectral resolution was of 4 cm1
and the FTIR spectra were recorded in 1000–4000 cm1 MIR re-
gion. A homemade three-electrode spectroelectrochemical cell, ﬁt-
ted with an MIR transparent window (CaF2) at the bottom was
used. The potentiostat was the same used in electrochemical
experiments. A slab of glassy carbon and Reversible Hydrogen Elec-
trode served as counter and reference electrodes, respectively. The
working electrode consisted of 5 lL of catalytic ink deposited onto
a 8 mm diameter glassy carbon disk. In order to minimize the
absorption of the infrared beam by the solution and to study the
absorbed species, the working electrode was pressed against the
window and a thin layer of electrolytic solution was obtained.
Spectra were acquired according to the SPAIRS (Single Potential
Alteration IR Spectroscopy) method, performed in the potential
range of 0.6–1.9 V vs. RHE and the electrode reﬂectivity REi was re-
corded at different potentials Ei, each separated by 0.05 V during
the voltammogram at a sweep rate of 1 mV s1.ceric acid/glycerate Glycolic acid/glycolate Formic acid/formate
5 3.83 3.77
58 V.L. Oliveira et al. / Journal of Electroanalytical Chemistry 703 (2013) 56–623. Results and discussion
3.1. Cyclic voltammetric study
3.1.1. Cyclic voltammetry of the Ni/C catalyst in the absence and
presence of glycerol
Fig. 1 shows the voltammograms of the Ni/C electrode recorded
in alkaline medium. The j–E dotted line proﬁle concerns the oxida-
tion/reduction of the Ni/C surface in the supporting electrolyte
(0.1 mol L1 NaOH). From it one can observe three potential
domains:
(i) a double layer domain of Ni in the range 0.6–0.9 V vs. RHE
(ii) the region between 0.9 and 1.38 V vs. RHE, where the surface
of the electrode is mainly covered by nickel hydroxides,
according to the following equation:Fig. 1.
NaOH w
Fig. 2. Voltammograms of a NiCo/C electrode recorded at 50 mV s1 in 0.1 mol L1
NaOH without (dotted line) and in the presence of 0.1 mol L1 glycerol (solid line).Niþ 2HO
 ¼ NiðOHÞ2 þ 2e ð1Þ(iii) and the region from 1.38 to 1.6 V vs. RHE, which concerns
the redox couple Ni(II)/Ni(III), as follows:NiðOHÞ2 þHO ¼ NiOOHþH2Oþ e ð2ÞDuring the positive going scan, the nickel hydroxide (b-Ni(OH)2)
is therefore oxidized to oxy-hydroxide (NiOOH) at ca. 1.4 V, while
this latter species is reduced at 1.3 V vs. RHE during the negative
going scan [39].
When the electrolyte contains 0.1 mol L1 of glycerol the oxida-
tion of the latter molecule starts at ca. 1.2 V vs. RHE, i.e. 200 mV
under the potential where NiOOH is formed. One should expect
that the glycerol oxidation superimposes with the NiOOH surface
formation [40–43]. According to other results reported in the liter-
ature, alcohol and other organics oxidation begins earlier on the Ni
electrode surface. For example, the oxidation of glycerol on hcp-
nano Ni modiﬁed composite graphite exhibited a 40 mV potential
shift [43]. This effect could be associated to the dependency of
the beginning of the glycerol oxidation with the preliminary steps
of the transformation of Ni(OH)2 to NiOOH. The voltammogram for
the glycerol oxidation was recorded with an upper potential limit
ﬁxed at 1.9 V vs. RHE, in order to show a more panoramic view
of the electrochemical behavior of the reactive species. It can be
observed that the glycerol oxidation transforms the original anodic
peak of the NiOOH formation into a smooth peak, and the cathodic
peak originally observed during the negative going- scan disap-
pears completely.Voltammograms of a Ni/C electrode recorded at 50 mV s1 in 0.1 mol L1
ithout (dotted line) and in the presence of 0.1 mol L1 glycerol (solid line).3.1.2. Cyclic voltammetry of the NiCo/C catalyst in the absence and
presence of glycerol
Fig. 2 shows the voltammograms of the NiCo/C catalyst in
alkaline solution. As can be seen from the corresponding curve
obtained in the supporting electrolyte (dotted line), the voltammo-
gram exhibits a similar shape of that of Ni/C (Fig. 1). Nevertheless,
some differences appear specially in the potential region of the re-
dox couple Ni(OH)2/NiOOH. The cobalt content in the catalyst com-
position modiﬁes both, the peak current and the peak potential.
The corresponding oxidation peak shows a peak current diminu-
tion of ca. 45%, and the oxidation peak is less sharp and more
spread with a peak potential of 1.35 V vs. RHE. This change in
the j–E proﬁle is likely due to the formation of CoOOH from the
corresponding cobalt hydroxide, Co(OH)2, that occurs earlier than
that of NiOOH [44–48]. According to the results of Gerken et al.
[49], the oxidation of dissolved Co2+ ions to the insoluble oxy-
hydroxide species can be written as:
Co2þðaqÞ þ 2H2O ¼ CoOOHþ 3Hþ þ e ð3Þ
with E (V vs. NHE) = 1.7470.059 log[Co2+]0.177 pH at 298 K
This identiﬁed the formation of CoOOH species on the electrode
surface. At higher potentials, the oxide/hydroxide of cobalt can be
converted to Co3O4 species, as reported by Asgari et al. [45].
As can be noticed in Fig. 2, the glycerol oxidation starts concom-
itantly with the formation of the CoOOH/NiOOH peak, whichFig. 3. UV–Vis spectra of the glycerol solution prepared in ultrapure water (solid
line) and in 0.1 mol L1 NaOH (dotted line).
Fig. 4. Chromatographic separation of the reaction products issued from the
glycerol oxidation reaction on the Ni/C electrode in a 0.1 mol L1 NaOH solution.
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In the presence of glycerol the CV was recorded with an upper po-
tential limit at 1.9 V vs. RHE in anticipation of the next step, the
electrolysis or chronoamperometric measurements. As previously
stated for Ni electrode, the glycerol oxidation starts at 1.2 VFig. 5. Plots giving the concentration of reaction product vs. time during the glycerol
conversion; (b) reaction products: (r) glycerate, (d) glycolate, (N) formate. At 1.9 V vs. R
(N) formate.(Fig. 1) while on NiOOH/CoOOH the onset potential for glycerol
oxidation is ca. 1.1 V (Fig. 2), concomitantly with the formation
of both oxy-hydroxides at the surface of the electrode material
(Fig. 2), which implies that the catalyst is a mixture of CoOOH
and NiOOH.3.2. Chromatographic analysis of the glycerol oxidation products
Long-term electrolyses of glycerol were carried out at two set
potentials, 1.6 V and 1.9 V vs. RHE, during a period of 8 h. Samples
of 50 lL of the bulk solution were taken as a function of the time, in
order to analyze the products formed during the course of the elec-
trolyses. For this a HPLC device equipped with a 20 lL sample loop
was employed. It was noticed, by chromatographic analysis, that
the initial solution, before applying any potential and after the
deaeration with an inert gas (N2), presented traces of glycerate. It
was then necessary to elucidate the cause of the presence of this
carboxylic ion in alkaline solution containing glycerol provided
by Sigma-Aldrich. For this reason, the UV–Vis spectra of two sam-
ples (glycerol + ultrapure water and glycerol + 0.1 mol L1 NaOH)
were recorded on a UV–Vis spectrophotometer (Helios Omega
UV–Vis from Thermo Scientiﬁc) (Fig. 3). As can be seen, a band cen-
tered at 215 nm, characteristic of C@O, appears in the sample pre-
pared in alkaline medium. This band conﬁrms the presence of
glycerate resulting from HO nucleophile attack of glyceraldehyde,
an impurity contained into glycerol. From now on, glycerate in theelectrooxidation on Ni/C in 0.1 mol L1 NaOH. At 1.6 V vs. RHE: (a) (j) glycerol
HE: (c) (j) glycerol conversion; (d) reaction products: (r) glycerate, (d) glycolate,
Fig. 6. Plots giving the concentration of reaction product vs. time during the glycerol electrooxidation on NiCo/C in 0.1 mol L1 NaOH. At 1.6 V vs. RHE: (a) (j) glycerol
conversion; (b) reaction products: (r) glycerate, (d) glycolate, (N) formate. At 1.9 V vs. RHE: (c) (j) glycerol conversion; (d) reaction products: (r) glycerate, (d) glycolate,
(N) formate.
Fig. 7. SPAIR spectra of 0.1 mol L1 glycerol in 0.1 mol L1 NaOH on (a) Ni/C and (b) NiCo/C electrodes at different potentials varying from 0.6 V to 1.9 V vs. RHE and at
1 mV s1. Reference REi was taken at 0.6 V vs. RHE.
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tial chromatogram as background.
3.2.1. Glycerol oxidation on Ni/C
Long-term electrolyses of 0.1 mol L1 glycerol solutions were
carried out in alkalinemediumat 1.6 and 1.9 V vs. RHE, respectively,
at the Ni/C electrode. After successful separation of the analytes, itwas possible to follow the variation of the concentration of the reac-
tant and products. Fig. 4 shows the chromatograms of the product
formed after the electrolyses at 1.6 and 1.9 V vs. RHE.
Regarding Fig. 1, the current densities are higher at 1.9 V vs.
RHE than those involved at 1.6 V vs. RHE. This is predictable be-
cause the current intensity is proportional to the reaction rate at
the same electrode surface:
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dt
¼ nF dN
dt
¼ nFv ð4Þ
where dQ is the quantity of electricity involved in the oxidation of a
given amount of glycerol during the period dt; n is the number of
electrons exchanged, F the Faraday constant, dN, the number of
mole of glycerol consumed during the period dt, and v the reaction
velocity.
Therefore, and apart from the higher conversion rate of glycerol
at 1.9 V vs. RHE, the products distribution is similar at the two oxi-
dation potentials (Fig. 5). Glycerate, glycolate and formate are the
main reaction products obtained during the glycerol oxidation at
the Ni/C surface in alkaline medium. Small amounts of oxalate
and tartronate were also identiﬁed.
3.2.2. Glycerol oxidation on NiCo/C
Similar electrolytic processes at the same potentials were car-
ried out at the NiCo/C anode material. As can be observed in
Fig. 6, the introduction of the Co content in the material composi-
tion modiﬁes the products distribution during the glycerol oxida-
tion in alkaline medium. The formate ion remains the main
reaction product, which means that the cobalt oxy-hydroxides do
contribute to the cleavage of the CAC bond of the mother molecule.
Bubbles of O2 were observed at the NiCo/C electrode during the
glycerol oxidation. As CoOOH is formed earlier than NiOOH, paral-
lel reactions such as CoO2 from CoOOH oxidation and O2 produc-
tion from water decomposition can be Faradaic contributions at
E > 1.6 V vs. RHE [47].
In the oxidation of primary alcohols at the nickel and cobalt
electrodes in alkaline solution, Fleischmann et al. [33,34,44] pro-
posed that the organic species react, as follows:
NiðOHÞ2 þHO ! NiOOHþH2Oþ e ð5Þ
NiOOHþ RCH2OHþHO ! NiðOHÞ2 þH2Oþ e þ RCHO ð6Þ
RCHOþ 3HO ! RCOO þ 2H2Oþ 2e ð7Þ
As mentioned in Eq. (6), the reaction mechanism seems to in-
clude a glycerol transformation through the formation of glyceral-
dehyde. Conversely to the literature [26–28] glyceraldehyde was
not herein detected as electrooxidation product. This suggests that
either this step is so fast that the aldehyde could not be determined
chromatographically in the bulk solution, or the HO nucleophiles
are very efﬁcient to oxidize it to glycerate before its desorption and
diffusion to the bulk solution.
3.3. In situ FTIR spectroelectrochemical experiments
To gain further insights into how glycerol is electrooxidized in
alkaline medium on these nanoscale materials, in situ spectroelect-
rochemical experiments have been undertaken. Fig. 7 displays the
single potential alteration infrared spectra (SPAIRS) obtained for
Ni/C and NiCo/C catalysts during glycerol oxidation in alkaline
medium. It should be noticed that positive going bands are attrib-
uted to glycerol and OH consumption while negative going bands
correspond to the different products or intermediates formed dur-
ing glycerol oxidation. Several bands corresponding to different
products have been identiﬁed: formate ion (1351, 1389 and 1575
cm1), glycerate ion (1308 cm1) and glycolate ion (1076 cm1).
The presence of small amounts of oxalate, tartronate and mesoxa-
late ions cannot be excluded since the band at 1575 cm1 is also
characteristic of these species. The broad band at 1720 cm1 is
characteristic of the C@O stretching vibration of a CACOO. The
bands located at 1175 and 1127 cm1 may be attributed to CH2
bending vibrations conﬁrming therefore the presence of glycolate
and/or glycerate ions. These results are in good agreement withthe HPLC analysis bringing to light additionally the presence of
the hydroxypyruvate ion. Another important result is the evidence
of production of CO2 at high potential values (asymmetric stretch-
ing band at 2343 cm1). According to Demarconnay et al. [50], CO2
appears as soon as carbonate (1390–1420 cm1 band) could not be
further formed due to the lack of OH. Jeffery and Camara [30]
have proved that in the thin electrolyte layer between the CaF2
window and the electrode interface, the depletion of OH is en-
ough to explain an important pH change during glycerol electro-
oxidation in alkaline medium. The acidiﬁcation of the thin layer
between the working electrode and the CaF2 window is clearly
shown and part of the recorded current intensity should therefore
be related to CO2 production which cannot be detected by HPLC.
Furthermore, at high potential values we cannot exclude the con-
tribution related to the oxygen evolution reaction (OER) since bub-
bles are visible at the electrode surface.4. Conclusions
Free-noble metal Ni/C and NiCo/C nanocatalysts deposited onto
a carbon Toray substrate were used as electrodes for glycerol oxi-
dation. It was found that for both materials glycerol oxidation took
place at potentials higher than 1.2 V vs. RHE, starting therefore be-
fore the Ni and Co oxy-hydroxides formation. The reaction prod-
ucts from long-term electrolysis of glycerol were successfully
separated on HPX-87H column. Glycerate, glycolate and formate
were the main compounds determined by the performed analytical
procedure and small amounts of tartronate and oxalate were also
detected. Complementary in situ FTIR measurements brought to
light the presence of the hydroxypyruvate ion and CO2 as reaction
products. Regarding the larger amount of CO2 formed when using
the NiCo/C nanocatalyst as electrode material, one can state that
the cobalt content in the nickel based catalyst enhances the CAC
bond cleavage of the glycerol molecule which is certainly due to
the presence of CoOOH species earlier formed than those of NiOOH.
Conversely to reaction mechanisms proposed in the literature, no
aldehyde such as glyceraldehyde was detected in the course of
the glycerol oxidation reaction. Nevertheless, the reactant pro-
vided by Sigma-Aldrich and used as received contains traces of
glyceraldehyde chemically transformed into glycerate by HO
nucleophilic species of the supporting electrolyte.
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